To meet more stringent norms and standards concerning engine performances and emissions, engine manufacturers need to develop new technologies enhancing the nonpolluting properties of the fuels. In that sense, the testing and development of alternative fuels such as biodiesel are of great importance. Fuel testing is nowadays a matter of experimental and numerical work. Researches on diesel engine's fuel involve the use of surrogates, for which the combustion mechanisms are well known and relatively similar to the investigated fuel. Biodiesel, due to its complex molecular configuration, is still the subject of numerous investigations in that area. This study presents the comparison of four biodiesel surrogates, methyl-butanoate, ethyl-butyrate, methyl-decanoate, and methyl-9-decenoate, in a 0D phenomenological combustion model. They were investigated for in-cylinder pressure, thermal efficiency, and NO emissions. Experiments were performed on a six-cylinder turbocharged DI diesel engine fuelled by methyl ester (MEB) and ethyl ester (EEB) biodiesel from wasted frying oil. Results showed that, among the four surrogates, methyl butanoate presented better results for all the studied parameters. In-cylinder pressure and thermal efficiency were predicted with good accuracy by the four surrogates. NO emissions were well predicted for methyl butanoate but for the other three gave approximation errors over 50%.
Introduction
Extensive studies regarding biodiesel combustion as an alternative for conventional diesel fuel have been performed recently [1, 2] . Experimental studies are more and more accompanied by numerical studies to better understand the physical phenomena involved in the combustion process in diesel engines when fuelled by biodiesel [3] [4] [5] . Numerical studies in diesel combustion are often performed using surrogates for which combustion kinetic mechanisms are well established and are comparable to those of investigated fuels [6] [7] [8] [9] .
Biodiesel combustion is often found difficult to model, due to the diversity of its sources and also the complexity molecular structure of biodiesel components which consist of saturated and unsaturated fatty acid [10] . This makes the modeling procedure for such type of fuel complex. It is widely accepted that numerical simulations provide a useful tool for engine conception and optimization. It is therefore important to identify suitable biodiesel surrogates that can be used for simulation purpose.
Most of the numerical works in literature present the use of methyl butanoate and methyl decanoate [11] [12] [13] [14] as surrogates for biodiesel fuel. These works are mostly about 1D and 3D CFD detailed combustion kinetic modeling. As it was stated in previous researches CFD modeling presents the disadvantage of a high computer cost [15] . This is where 0D phenomenological modeling can be effective, because it is less time-consuming.
Investigations on different biodiesel surrogates for 0D modeling are somehow scarce. Galle et al. [16] performed a numerical analysis of a simplified spray model for different biodiesel surrogates. Their work showed that the choice of the surrogates is of high importance, and the fuel properties are highly influencing the model performance. Stagni et al. [17] proposed a reduced kinetic model for biodiesel fuel for application on 0D model. They showed that the mechanism, when applied, permits a considerable time saving in computation.
Som et al. [18] performed four different chemical kinetic models for 0D and 3D simulation; the kinetic models were mainly based on mixture of two different set of surrogates: (a) methyl decanoate, methyl 9 decenoate, and n-heptane and (b) methyl butanoate and n-heptane. Only species mole fraction simulations were performed using 0D modeling. All the mechanisms performed very well against experimental data but at the expense of computer cost.
The objective of this study is to compare 4 different methyl and ethyl ester surrogates in strictly 0D phenomenological modeling for biodiesel combustion simulation purpose. The surrogates will be compared according to computed maximum pressure, NO emission, and thermal efficiency.
Material and Methods

0D Model Governing Equations.
The model used in this study was validated in a previous study [15] ; we are presenting here some fundamental relationships for a better understanding of the computing methodology.
Spray Submodel.
Injection and spray are modeled using the theory described by Lyshevsky and Razleytsev [19] [20] [21] [22] . The diesel jet is assumed to be constituted of two phases, an initial and a base, which are separated by a transitory characteristic length which is computed as follows:
where = 2 / is the characteristic time (s), is a weighing coefficient, is injector nozzle diameter, is the Webber number, and is an a dimensional criterion [22] .
Webber number is computed by
where 0 is the spray initial velocity given by
is the fuel mass flow rate in Kg/cycle; is the fuel density kg/m 3 ; is the injector nozzle diameter in mm; inj is the injection duration in crank angle degrees; is the number of injector holes.
Evaporation Submodel.
The injected fuel is scattered into fine droplets after the transition length; these droplet are evaporating at a given rate which is proportional to their size [20, 21] . The fuel spray is divided in two zones: In the first zone, droplets are concentrated behind the front flame area. In the second zone, droplets have reached the front flame and the evaporation is turbulent.
The size of the pulverized droplets is evaluated for each zone using the Sauter mean diameter, calculated by
where = / is the ratio of density between air and liquid fuel. Droplets are assumed to evaporate following the 2 law [23] for which the evaporation rate for a given droplet is
where 0 represents the droplet diameter after breakup (see (4) ) and the diameter of the same droplet at time . is the evaporation constant:
where is the Nusselt number for diffusion processes, is the diffusion constant for fuel vapor, and is the fuel saturated vapor pressure.
Combustion duration, which is going to be used as an entry data for heat release rate calculation, is calculated in seconds by
where = / 2 32 is the relative evaporation constant and the excess air coefficient.
is a fitting weighing coefficient where its value varies from 4 to 12 [21] .
Ignition Delay and Heat Release Submodels.
Ignition delay is computed using the following correlation [24] :
where is the fuel activation energy which is computed by = 1310000/(CN + 25), CN is the fuel cetane number, is the engine piston speed, im and im are, respectively, the temperature and pressure at the intake manifold, is the engine's compression ratio, and is the polytropic exponent for compression.
The fuel burnt ratio at any crank angle = ( ) is computed using a double Wiebe function [25, 26] 
where and represent the fuel burnt ratio for premixed and diffusion combustion phases and represents the fraction of injected fuel during premixed phase.
For each combustion phase we can write 
The mass fraction of each species is calculated based on equilibrium assumption [27] . The following equations were exploited to determine the thermodynamic state of each surrogate of chemical formula C H O N , such as specific heat, enthalpy, and entropy depending on the temperature of the combusting mixture. Consider 
The fitting coefficients 1 to 7 are the first seven Chemkin NASA coefficients of specific species in the therm.dat Chemkin file. The reduced thermodynamic data are incorporated into the code and are in compliance with the temperature range that our study is covering.
The thermodynamic tables used for air properties about temperature are taken from the Chemkin data base for temperature range of 300 to 5000 K [28] .
The thermodynamic state of the burning mixture is calculated at each time step as a function of each species mass fraction issued from combustion products.
The molar enthalpy of the mixture is then calculated by
its molar entropy is calculated by (14) the heat capacity of the mixture is given by
Specific volume and internal energy of the mixture are computed by
where is the universal gas constant and ℎ , , are, respectively, the enthalpy, entropy, and specific of the fuel (surrogate) involved in reaction (11) .
The above determined parameters with equilibrium hypothesis permit the determination of in-cylinder burning mixture pressure and temperature. The following three equations give relationships for the internal energy, specific volume, entropy, enthalpy, and specific heat with temperature and pressure as functions of the crank angle [24, 25] :
with ( ℎ/ ) = .
Considering the in-cylinder burning gases made of two zones (unburned and burned), variations of in-cylinder pressure and temperature about the crank angle for unburned and burned gases are given by the following relations: Journal of Combustion
where ℎ and ℎ are heat transfer coefficients to the wall, respectively, for burned and unburned zones [29] . is the fraction of burned fuel. is the fuel mass, V is the specific volume, is the engine speed in rad/s, and blowby is the blow by coefficient. Nonlinear equations (17)- (22) are simultaneously solved using Runge-Kutta method (Dormand-Prince).
Nitric Oxides Emission
Submodels. NO emissions are computed using the extended Zeldovich [30, 31] where NO formation rate is computed as
[ ] is the concentration of a given species and [ ] the concentration of the same species at equilibrium. , and ,2 , respectively, represent the forward and reverse rate of each reaction involved in the NO formation mechanism.
Biodiesel Surrogates.
The surrogates used in this study are, respectively, methyl butanoate, ethyl butyrate, methyl decanoate, and methyl 9 decenoate. These four surrogates were chosen firstly because of the high amount of work on their combustion kinetics and study as biodiesel surrogates [33] [34] [35] [36] and secondly for the wildly availability of their validated reduced mechanisms data. The thermodynamic data for each surrogate were taken, respectively, from the work of Liu et al. [37] for methyl butanoate, Herbinet et al. for methyl decanoate [38] , Luo et al. [39] for methyl 9 decenoate, and the work of Goos et al. [40] for methyl butyrate. 
Engine Specification and Characteristic of the Biodiesel.
The experimental analysis against which our study is about was performed by Sanli et al. [32] . Combustion and emission characteristics of a six-cylinder turbocharged DI diesel engine were investigated for methyl ester biodiesel and ethyl ester biodiesel from wasted frying oil. The characteristics of the engine are given in Table 1 and that of biodiesel fuels is given in Table 2 . The numerical study was performed for three different engine speeds for each surrogate: 1100 rpm, 1400 rpm, and 1700 rpm. The injection timing for each biodiesel was in accordance with the measured start of injection angle during experimental setup; the values are given in Table 3 . The measured crank angle at which the fuel line reached the injector needle opening pressure was taken as the injection timing angle or start of injection (SOI).
The biodiesel surrogates were numerically investigated for three parameters:
(ii) NO emission.
(iii) Thermal efficiency.
Results and Discussions
Evaluation of Thermodynamic Properties of Biodiesel Surrogates.
A first evaluation was performed for each surrogate according to (12) . Equations (13) the computation of the in-cylinder pressure and temperature; (21) and (22) show that in-cylinder temperature for each zone is linearly proportional to the mixture enthalpy and inversely proportional to the mixture specific heat. The variation of the mixture's entropy (19) is a nonlinear function of the temperature variation as well as the variation of in-cylinder pressure. Thus, the variation of surrogate's properties values such as enthalpy, entropy, and specific heat as a function of temperature could be a good indicator of its suitability for our 0D modeling. Figure 1 presents the variation of enthalpy against temperature for each surrogate. The curve shapes are similar and the residual values are higher for methyl butanoate and methyl 9 decenoate, with maximum difference of 36.59 kJ/kmol. Concerning entropy and specific heat (Figures 2 and 3) , we also notice a similar curve shape with higher residual values between methyl butanoate and methyl decanoate, maximum values which are, respectively, of 112 kJ/kmolK and 50.1 kJ/kmolK for entropy and specific heat. The residuals presented in the plots are the differences between each computed parameter for each surrogate for a given temperature. The plot presents the higher residual values. These results show that some notable differences shall be expected in terms of thermodynamic computed values of combusting species during the simulation for each surrogate, which is the subject of the discussion in the next sections. 
Biodiesel Surrogates Numerical Investigation.
Maximum pressure, thermal, and efficiency and NO emission were computed for methyl ester biodiesel and ethyl ester biodiesel from waste fried oil. The four mentioned biodiesel surrogates thermodynamic data were used in the simulation at 1100, 1400, and 1700 rpm. Results of simulations and subsequent error evaluations are displayed in Tables 4, 5 , 6, 7, 8, and 9, respectively, at 1100, 1400, and 1700 rpm. Errors are evaluated as relative errors between measured and computed values. 
Methyl Ester Biodiesel Numerical Investigation
Maximum in-Cylinder Pressure. Maximum pressure is fairly well predicted for each surrogate. However methyl butanoate shows a better prediction rate of an average of 1.27% accuracy across the different rpm. The other surrogates present an average accuracy of 6.53%, 1.56%, and 6.07% for ethyl butyrate, methyl decanoate, and methyl 9 decenoate, respectively. In Figure 4 it can be seen that experimental and simulated gives the better approximation with an average error of 1.46%. Ethyl butyrate, methyl decanoate, and methyl 9 decenoate present average errors below 15%, which are acceptable for engine simulation. Methyl decanoate presents an approximation of average 8.56%, followed by methyl 9 decenoate at 12.76% and ethyl butyrate at 13.76%.
Emissions. NO emissions are simulated using the extended Zeldovich mechanism [30, 43] ; the simulation results present a good agreement with experimental results from methyl butanoate with an average of 6.65% error across the three regimes. Methyl decanoate, methyl 9 decenoate, and ethyl butyrate however poorly predict NO emissions with respective average errors of 59.9%, 92.46%, and 89.49%.
Ethyl Ester Biodiesel Numerical Investigation
Maximum in-Cylinder Pressure. Maximum pressure was calculated through simulation in the 0D phenomenological model, as well as in the case of methyl ester biodiesel.
Maximum pressure is also fairly well predicted for each surrogate. Methyl butanoate shows a better prediction rate of an average of 0.94% accuracy across the different rpm, which is slightly better than during the methyl ester biodiesel simulation. Simulations present an average accuracy of 4.59%, 1.87%, and 4.10% for ethyl butyrate, methyl decanoate, and methyl 9 decenoate, respectively. Figure 5 shows that experimental and simulated pressure traces closely match for each biodiesel surrogate compared to EEB experimental data. Better pressure simulations are achieved by methyl butanoate and methyl decanoate compared to the other two, just as in the case of MEB.
Thermal Efficiency. The simulation results present a better approximation for methyl butanoate with an average error of 3.55%. Ethyl butyrate, methyl decanoate, and methyl 9 decenoate present average errors close and over 15%, which is below acceptable for engine simulation. Methyl decanoate presents an approximation of average 12.25%, followed by methyl 9 decenoate at 16.21% and ethyl butyrate at 17.11%. Emissions. As it was the case for MEB, the simulation results present a good agreement with experimental results from methyl butanoate with an average of 3.84% error across the three regimes, which is an improvement compared to MEB simulation. Methyl decanoate, methyl 9 decenoate, and ethyl butyrate, just as it was the case for MEB, poorly predict NO emissions with respective average errors of 53.56%, 87.59%, and 91.17%.
Discussion.
The approximations results are similar, whether we are investigating methyl ester biodiesel or ethyl ester biodiesel. For each case, pressure trace and thermal efficiency are fairly well predicted. Ethyl butyrate and methyl 9 decenoate present the worst results in terms of simulation precision.
The overall trend observed from the various simulation results is that methyl butanoate gives better predictions of engine parameters compared to other surrogates; this is in accordance with its high rate of usage as a surrogate for biodiesel in 3D and 1D simulation studies [4, 5, 44] . However, this result is somehow contradictory with comments from Brakora et al. [45] and Hakka et al. [33] that say that methyl butanoate is not a particular good surrogate for biodiesel. While this was explained by the fact that methyl butanoate possesses a short alkylic chain and therefore cannot adequately capture ignition delay and species history, it should be noted that most of these findings were done under 3D or experimental investigations. Our 0D model only uses Chemkin Nasa coefficients to compute in-cylinder thermodynamic parameters; the ignition delay is computed as a function of the investigated biodiesel cetane number. The reaction kinetic in our model is therefore independent of the surrogate thermodynamic data.
The three other surrogates present overall good approximation for thermal efficiency and maximum pressure. Methyl decanoate presents better simulation approximation errors than ethyl butyrate and methyl 9 decenoate; that trend is interesting since one would have expected a closer approximation value for ethyl butyrate since its enthalpy, heat capacity, and entropy curves are closer to the ones for methyl butanoate. However, it has been noticed in the literature that methyl decanoate has been extensively used as a surrogate for biodiesel combustion simulation as compared to ethyl butyrate and methyl 9 decanoate [13, 46, 47] .
Another trend observed is the poorly predicted NO emission simulation for methyl decanoate, ethyl butyrate, and methyl 9 decenoate. For these three surrogates, NO emissions are underpredicted compared to experimental results. An earlier study, performed on Kiva-2 showed that surrogates with lesser content of oxygen tend to predict lower NO emission concentration [48] . In our case, each surrogate presents 2 atoms of oxygen in its formula; methyl butanoate presents a chemical formula of C 5 H 10 O 2 , ethyl butyrate of C 6 H 12 O 2 , methyl decanoate of C 11 H 22 O 2 , and methyl 9 decenoate C 11 H 20 O 2 . The stoichiometric air/fuel ratio which is calculated by = ((8/3) +8⋅ − )/0.232 for each surrogate of formula C H O N will be, respectively, 8.788, 9.4928, 11.37, and 11.24. According to experimental parameters, the same mass of injected fuel was considered for each surrogate in the simulation. The model takes into account the molar fraction of each species contained in the surrogate. The composition of the burning mixture will therefore be dependable of the surrogate composition. The model will therefore predict a richer mixture during combustion for methyl butanoate, while others will be leaner. That could influence the calculation of oxygen content in the burning mixture and therefore will impact the computation of NO emission through the extended Zeldovich mechanism. Another area of investigation could be the extension of the thermodynamic data for each surrogate by integration of more chain reactions into the reduced chemical mechanical mechanism. That could lead to an increase of computation time.
Conclusion
Four biodiesel surrogates were investigated for their performance in 0D phenomenological combustion modeling. The surrogated thermodynamic data were those of butanoate, ethyl butyrate, methyl decanoate, and methyl 9 decenoate. Simulations were compared against experimental data gathered from the combustion of ethyl ester and methyl ester biodiesel from waste cooking oil in a 6-cylinder DI diesel engine at engine speed varying to 1100, 1400, and 1700 rpm. Each biodiesel surrogate was investigated for in-cylinder pressure, maximum pressure, thermal efficiency, and NO emissions. After the analysis of the simulation, the following conclusions could be derived: (i) Enthalpy, entropy, and heat capacity of the surrogates follow similar curve shapes; the highest differences were identified for methyl butanoate and methyl decanoate concerning entropy and heat capacity and between methyl butanoate and methyl 9 decenoate for enthalpy. (ii) Each surrogate fairly well predicted maximum pressure and thermal efficiency for each engine regime and each biodiesel. (iii) Methyl butanoate showed the best accuracy for all three simulated parameters, 1.27% and 0.94% for maximum pressure, 1.46% and 3.55% for thermal efficiency, and 6.65% and 3.84% for NO emissions for MEB and EEB, respectively, followed by methyl decanoate, methyl 9 decenoate, and ethyl butyrate.
(iv) Out of the four surrogates, only methyl butanoate, could well predict NO emissions at 6.65% and 3.84% for MEB and EEB, respectively; the other three surrogates presented heavy average errors higher than 50%.
